As part of the research supported by U.S. Department of Energy (DOE) Advanced Hydropower Turbine System (AHTS) Program, the Pacific Northwest National Laboratory (PNNL) conducted a study where age-0 and age-1 chinook salmon, as well as several other types of fish, were released into a submerged water jet to quantify injuries caused by shear stresses and turbulence (Neitzel et al. 2000) . The fish releases were videotaped. These videotape records were digitized and analyzed using new methods to identify the injury mechanisms and the stresses involved.
As part of the research program supported by U.S. Department of Energy Advanced Hydropower Turbine System (AHTS) Program, Pacific Northwest National Laboratory (PNNL) staff cond ucted a study where fish were released into a submerged water jet of known characteristics to quantify the injurious shear stresses and turbulence levels (Neitzel et al. 2000) . The fish releases were videotaped to allow detailed observation of the release and injury mechanisms. These video records have been analyzed using new methods to identify the mechanisms of injury and the stresses involved. The video records revealed the general pattern of a fish release in the 2000 study as well as details such as the point at which one or both opercula flare forward or eye damage occurs. The videos also showed that fish generally turn to one side or the other after contacting the water jet, and that bending and twisting occurs once fish enter the jet flow. Further, specific types of injuries and the events leading to them were shown. The interpretation of the results from the Neitzel et al. (2000) study have been refined in this report using these insights.
The videos also provide information to support a more quantitative analysis of the dynamic parameters involved. The displacement, orientation, and deformation can be determined using the fish positions and the time stamp on each video frame. From this information, additional parameters such as velocity, acceleration, impulse, force, and jerk can be calculated that quantify the stresses to which the fish are subjected. The analysis of these parameters, summarized in this report, emphasizes the information relevant to future biomechanical testing of fish injury thresholds and tissue properties, and the eventual development of a virtual (computational) fish model (VFM) that will allow assessment of fish injury potential in simulated flow fields. To create the VFM, results from direct biomechanical tests and precisely controlled fish tests hydraulic environment using Particle Image Velocimetry (PIV) equipment will be used to assign physical properties and injury criteria to our detailed morphometric fish model generated from a Nuclear Magnetic Resonance scan of a real fish. The VFM can then be incorporated into a geometry-based computational fluid-structure interaction model that can simulate the complex hydraulic conditions in hydropower systems and their effect on fish.
The primary objective of this video analysis is to determine whether type of injury or injury level as a whole correlate to variables that can be measured or estimated from the fish-release video records. Injury level is determined subjectively for each fish from severity and number of injuries as described in the methods. Peak and average values of the following variables are considered:
Acceleration is of interest because it is an indicator of the impulse and force on the fish, which should be the source of many injuries. The potential for the force on the fish to cause injury is especially high in these test releases because as the slow moving fish comes in contact with the high velocity jet, the bulk of the force is generally applied to only a small area such as the gill or eye. Jerk is used commonly in automotive engineering when evaluating severity in impact tests. It is related to injury potential because when the acceleration of a complex body is unsteady, different body parts respond differently. For example, in a suddenly stopping car, the head is thrown forward. In PNNL's tests, an analogous situation occurred where during a fish release the opercula are flared forward and torn as the mass of the body is left behind. The video analysis concentrates primarily on the chinook salmon because that group offered the largest sample size of comparable fish. Two life stages of fall chinook were tested: subyearling (age 0) and yearling (age 1). The fork length (FL) ranged from 81 to 95 mm (mean 85) for the subyearling chinook and from 123 to 150 mm (mean 138) for the age-1 fish. Spring chinook salmon ranged from 135 to 157 mm FL (mean 145). Average fish masses were 5.5 g for age-0 fish and 33.7 g for age-1 fish.
Test System
A rectangular flume ( Figure 1 ) containing a submerged water jet was used to create a quantifiable shear environment consistent with conditions expected within a hydroelectric turbine. The flume was 9 m long by 1.2 m wide by 1.2 m deep when filled with water. A conical stainless-steel nozzle that began at 25.4 cm diameter and constricted to a circular 6.35 cm diameter over 50.8 cm in length was bolted to a flange inside the flume (Figure 2 ). This nozzle configuration provided a contraction ratio of 5:1 that effectively accelerated flow and reduced non-uniformity in the inlet velocity distribution. The pump/nozzle system was capable of creating exit velocities in excess of 20 m·s -1 . Viewing windows are located on the side and bottom at the nozzle end of the flume to record fish reactions as they enter test flow fields.
The nozzle exit was submerged under about 0.6 m of water during all tests. Fish were introduced immediately above the jet and in front of the nozzle through a Plexiglas® deployment tube fastened above the nozzle at an angle of 30� ( Figure 2 ). The terminus of the deployment tube was just above the terminus of the nozzle, with a 1-cm horizontal separation. This small separation width prevented any fish from exiting the test without being subjected to the shear environment.
Fish were exposed to the following water jet velocities: 3, 6, 9, 12, 15, and 18 m·s -1 (10, 20, 30, 40, 50 , and 60 feet per second (fps)). The flow field was characterized using a Pitot tube and a laser velocimeter. From this information, relationships between fish injury and fluid strain rate, shear stress, and turbulence were investigated. See Neitzel et al. (2000) for more information on the study.
Video images of exposed fish were captured using two identical high-speed cameras (Redlake Imaging MotionScope TM 1000S) positioned to view fish as they exited the tube. The cameras captured a side (X-Y) and bottom view (Y-Z or X-Z plane). The video cameras were situated near the viewing panels and connected to processors located in a nearby office trailer. The cameras recorded fish orientation and location from the moment a fish descended the introduction tube and contacted the shear environment, until it was swept out of the immediate shear environment (~0.5 m [1.6 ft]). An entire exposure sequence lasted only a fraction of a second. Cameras recorded each event simultaneously at 500 frames per second, which provided an approximate 2-s buffer of stored memory. A tape reviewer recorded each event to videotape at two speeds (10 and 30 frames per second) so that specific injuries could be verified. The field of view for each system was approximately 44.4 cm (17.5 in.) vertical by 45 cm (17.7 in.) horizontal for most tests. A calibration tape was placed along the axis of the nozzle and recorded with both cameras at the beginning of each test day. The calibration data were used to determine fish position and acceleration. All recordings were made on a Sony model EVC 200 Hi 8mm tape recorder attached to a Robot model MV50 four-channel multiplexer. A video overlay board was used to record the test fish and exit velocity for each test series.
Handling of Fish
A holding/acclimation trough was installed near the test facility. Test stocks were maintained at low densities and with a high water turnover rate to maintain optimal water quality conditions during holding and acclimation periods. Test fish were loaded into the exposure system without removing them from water. They were randomly captured from the holding trough using a small section of clear tubing (cartridge) containing a small volume of water. Each fish was then transferred to the deployment tube where it would swim down the tube and exit into the flow field of the nozzle (headfirst deployment). The fish readily passed down the introduction tube and into the flow field within a few seconds. The same procedure was used for the tail first test series. Freeze branding with liquid nitrogen was used to differentia te control and test fish in the predation tests.
Once a fish was loaded into the cartridge, the pump was activated and allowed to reach the required test velocity condition. During this time (~5 s), the fish was resting in the cartridge. The exposure began when the fish was allowed to swim from the cartridge into the deployment tube and into the shear environment. The velocity used in the test was randomly selected from the following: 3, 6, 9, 12, 15, and 18 m·s -1 (10, 20, 30, 40, 50, and 60 fps).
After each individual exposure, the system was shut down (to avoid potential injury from multiple exposures to the shear environment), and the fish were recovered from the flume with dip nets. Recovery was also aided by the use of a brail or crowding fence to capture the fish. The fish was then placed back in the clear cartridge, and its external condition was evaluated for injuries.
For every series of tests, a control group comprising 10 fish were introduced into the deployment tube, allowed to swim out, and then recaptured with dip nets with no exposure to the shear environment (pump off). This group was used as reference for monitoring injuries of exposed fish.
After examination, each test group (including control fish) was placed in small net pens in a concrete raceway adjacent to the flume. The raceway was supplied with well water maintained at the test temperature. Test fish were held for 48 h to monitor delayed mortality or other effects indicative of stress or injury.
Characterization of Direct Injury and Mortality
Following exposure, the type and extent of the injuries sustained and the direct mortality (initial and delayed) were assessed. Evaluation of external injuries was the primary method for monitoring tissue damage and direct mortality. After initial examination, each test group (including control fish) was held for 48 h to monitor delayed mortality or other effects indicative of stress or injury (dark discoloration, lethargy, loss of equilibrium, fungal/disease infection, and osmoregulation problems).
The occurrence and severity of injuries (biological responses) were examined for each fish following the test release and recovery from the test tank. Injuries included eye damage, descaling, gill/operculum damage, isthmus damage, split fins, bruising/discoloration, and spinal fracture. Disorientation, characterized by little or no swimming ability, was also considered an indicator of potentially severe injury and impairment. In the study by Neitzel et al. (2000) , minor injuries were defined as those that were visible, but not life threatening, and that disappeared within the 48 h postexposure observation period (e.g., small bruises = 0.5 cm in diameter). In contrast, injuries that resulted in prolonged loss of equilibrium, seemed life threatening, or persisted throughout the post-exposure observation were rated as major. Examples of major injuries included large bruises (= 0.5 cm in diameter), damage to the spinal column, cuts with visible bleeding, injured eyeballs (bulged, hemorrhaged, or missing), and gill damage (inverted gill arches, or tears at the insertions of the gill arches severe enough to result in bleeding).
Injury levels were reassigned for this video analysis based on information in the injury data sheets because the injury leve ls were decoupled from the fish release numbers in the Neitzel et al. study. The injury levels were reassigned according to the following criteria:
• No Injury: No observable physical injury indicated on the data sheets or brief minor disorientation.
• Minor Injury: Visible but not life threatening, such as minor bruising, operculum damage, gill bleeding, isthmus tear, and/or descaling.
• Major Injury: Life-threatening injuries such as severe bruising, bleeding, tearing, creasing, multiple injuries, prolonged (1-2 h) swimming impairment, or disorientation.
• Death: Immediate or delayed mortality as a result of injuries sustained.
These injury level and injury type data were recorded for each fish released and compiled into a table to which the dynamic parameters of velocity, acceleration, jerk, impulse, and force would be added (see Appendix).
Digitizing the Releases
An imaging software program (Optimas TM ) was used to digitize the images. The protocol involved advancing the tape at a specific interval (two frames or 0.004 s), saving the image to file, scaling the image, setting the coordinate system, and digitizing the position of the eye. A two-dimensional coordinate system was used where x was the downstream direction and y was the vertical direction. The program automatically recorded a distance measurement from the starting point, and an x, y location at each measurement. The eye was used because no other mark was available that could be accurately tracked. The path of the eye is considered representative of the bulk motion of the fish only for the initial part of the release. A more sophisticated, multi-point tracking procedure is necessary after the fish enters the jet turbulence completely and begins to exhibit multi-axis rotational motion as shown in Figure 3 . Lateral movement was minimal, especially in the initial part of the release, and was subsequently ignored. 
Data Analysis

Computation of Dynamic Parameters
The dynamic parameter values for velocity (v), acceleration (a), jerk (J), impulse (I), and force (F) were computed for the initial 0.016, 0.024, and 0.10 s of the video records following release of 23 age-0 and 83 age-1 juvenile chinook salmon into water-jets at 40, 50, and 60 fps jet velocities. The peak value and root mean average (average of the absolute values) were computed for each variable for each fish release. The peak value was intended to represent the highest magnitude or most severe level of that parameter experienced by a given fish. The root mean average was intended to summarize the average magnitude of the level of that parameter experienced by the fish for the full time period analyzed (e.g., 0-0.016, 0-0.024, or 0-0.1 s). These data were then summarized and combined with the fish injury level data. See Appendix.
The dynamic parameters were computed from the change in position of the fish eye between each successive time step. Simplified expressions for each variable are shown below:
where m is the fish mass, dt is the time step (equal to the time between digitized frames, 0.004s), and changes in variables between successive digitized frames are indicated by the differential (d). For example, dx = x -x , where i indicates the frame number.
Given an assumed maximum error of 1 mm in each direction when digitizing points, the magnitude of potential distance error in position measurements is approximately ? xy = (dx 2 +dy 2 ) 1/2 = 1.4 mm = 0.0014 m for a single measurement. The maximum potential error in a pair of measurements is then 2? xy . The measurement error was propagated as shown in Table 1 to approximate the error of point estimates for each parameter. Note the dramatic increase in error that occurs with successive derivatives of velocity. A small error in distance can cause a la rge error in jerk. Overall mean masses were estimated for age-0 and age-1 fish and used to compute impulse and force for each of the fish released. Subsequently, variation in impulse and force resulting from differences in individual mass within an age class could not be resolved. In addition, because the time step (dt) was fixed, acceleration, impulse, and force are equivalent within an age class. Therefore, only velocity (v), jerk (J), and force (F) will be fully evaluated.
Descriptive Analysis
The following analysis was conducted to evaluate whether any of the parameters correlated with fish injury level.
1. The fish were grouped by degree of injury (i.e., no injury, minor injury, major injury or death). The dead fish were included with the major injury group because there were too few to analyze separately.
2. The average and standard deviation were computed for the peak value of each variable of interest. These parameters were calculated for 0.016, 0.024, and 0.10 s of the release; however, only 0.024 s results are used because video observations indicated that the visible injuries occurred at or before this time (initial contact with the jet), where the hydraulic conditions were most severe. Because an average of averages was computed for each injury level, the variance was divided by 6, which represented the subsample sizes (# of digitized points included in the average for each fish release). The standard deviation was then the square root of the variance as usual. Use of this statistic assumed applicability of the central limit theorem (Zar 1999) .
3. The mean values for each injury group were plotted with error bars of one standard deviation to determine if there was any significant difference for any of the variables.
The median values were plotted as comparison indices uninfluenced by outlier data values. Comparing the median and mean also provided information about the skew in the data.
Inferential Analysis: Multinomial Response Model
The average masses of the age-0 and age-1 groups were substantially different (5.5 g for age-0 fish and 33.7 g for age-1 fish). Subsequently, all the variables of interest (velocity, jerk, and force) were also quite different, with velocity and jerk being higher for age-0 fish and force being higher for age-1. Therefore, these groups were considered distinct populations and evaluated separately. This allowed the effect of all the variables to be evaluated without being overpowered by the obvious strong effect of fish mass. The multinomial response model was only applied to the age-1 fish because there was an insufficient number of age-0 fish (23).
As in the descriptive analysis, the peak values for each dynamic parameter were used in the inferential analysis; in contrast, the inferential analysis was also applied to parameters derived from each of the time durations (0.016, 0.024, and 0.10 s) following fish release. Correlations between the computed dynamic parameters were shown by plotting the parameters against one another.
A multinomial response model was fit separately to data derived from each of the three time-durations of video footage: 0.016-, 0.024-, and 0.10-s post-release. 
Descriptive Analysis
The most fish were released at the 9-, 12-, 15-and 18-m·s -1 (30, 40, 50 and 60 fps) nozzle velocities (Figure 4 ) because injuries were rare below 9 m·s -1 for all species except American shad. A summary of the injury level results compiled from all the species and age groups tested is shown in Figure 5 . Major injuries primarily occurred at jet velocities of 12 m·s -1 or higher and the proportion of major injuries clearly increased with increasing jet velocity. Deaths primarily occurred at the 18-m·s -1 jet velocity.
Time series plots of the dynamic parameters computed from the digitized fish paths are shown in Figure 6 through Figure 11 . The points are connected with straight lines primarily to allow differentiation of each fish. The true value of the parameters between the points calculated is unknown because our sampling rate was limited to one image every 0.004 s. It is clear from the plots that the fish experience abrupt changes in all of the dynamic parameters. Positive and negative values exist for all the variables with the exception of distance, which is why the means were computed from the absolute values of these parameters. Also, the curves for acceleration, impulse, and force are shaped the same. This is because the same mass was used for all age-1 fish and the time step is constant. Subsequently, only velocity, jerk, and force are included in the remaining analysis.
The sequence of images in Figure 12 shows the first 0.024 s of the release of an age-1 spring chinook salmon into the jet at 18 m·s -1 . The pattern shown in Figure 12 is typical of many of the releases. The fish descends the introduction tube head first and right side up (image 1). Upon initial contact with the jet, the fish begins to turn to its side and one or both of the opercula open (images 2 and 3). The fish then turns completely on its side and the opercula flare completely as it is thrust forward (images 4 and 5). Finally, the fish moves free of the introduction tube and downstream in the turbulent jet flow, which allows the opercula to return to a more normal position (image 6). Because of the mediocre image quality, different parts of the fish could not be tracked precisely.
The sequence of images in Figure 13 shows a bottom view of the first 0.036 s (9 video frames at a 4 milliseconds per frame) of an age-1 fall chinook salmon release at a nozzle velocity of 15 m·s -1 . The pattern is similar to that of Figure 12 . In Figure 13 , both opercula catch flow from behind and flare forward upon initial exposure to the water jet. The fish then turns to one side as it continues to exit the introduction tube and enter the jet flow. Maximum deformation of the opercula appears to occur around the sixth frame. Thereafter, the force on the opercula begins decreasing as more of the fish enters the flow and the velocity of the fish increases, which reduces the relative velocity of the jet. Figure 13 also shows that minimal lateral movement occurs during the initial part of the release. The relative proportions of fish in each injury level for the age-0 and age-1 chinook groups are similar (Figure 14 and Figure 15 ). Major injuries clearly increase with jet velocity above 9 m·s -1 for both age classes, and deaths only occur for age-1 fish at 15 and 18 m·s -1 . The age-0 fish group has a higher proportion of non-injury and a lower proportion of major injuries at all nozzle speeds. Additional analyses were focused on the spring and fall chinook salmon groups because these groups combined to form the largest available sample of fish with comparable size and physical characteristics. Relative proportions of injury types for age-0 and age-1 chinook salmon are shown in Figure 16 and Figure 17 , respectively. Operculum injuries predomina ted at the relatively low nozzle velocity of 12 m·s -1 for both age groups, where other injuries were rare. Isthmus and operculum injuries were common at 15-m·s -1 nozzle velocity for the age-1 fish, while disorientation was common for age-0 fish. At the 18-m·s -1 nozzle velocity, multiple injuries became common for both age groups and no particular injury type stood out except for disorientation for age-0 fish. These results suggest the following:
• Operculum injuries predominated at moderate nozzle speeds (12 and 15 m·s -1 ).
• At the highest nozzle speed, eye, operculum, isthmus, and gill injuries were equally common and disorientation was most common, especially for age-0 fish.
• Bruising and descaling were relatively rare, especially for age-0 fish.
• Age-0 fish had lower proportions of injuries (except disorientation), especially at lower nozzle velocities, which suggests that disorientation may be a more important factor for the younger, smaller fish.
The mean and median dynamic parameter values for each injury level are compared for age-0 and age-1 fish in Figure 18 . These va lues were computed for the first 0.024 s of the fish release (data from each of the first six video frames at 0.004 s between frames). For age-0 fish, the mean and median values of the jerk and force are highest for the major injury group, while the velocity is not significantly different (Figure 18 ). The high injury group consists of only one fish for the age-0 group, however. Dynamic parameter values are not significantly different between the minor injury and no injury groups. Results for age-1 fish are somewhat more conclusive. The mean and median values of each dynamic parameter are highest for the major injury group, and the differences appear to be significant. The fact that the median is less than the mean in most cases indicates that these distributions are positively skewed, probably as a result of a few disproportionately high parameter values. The significance of these trends will be further examined in the next section.
Figure 18 also provides justification for separating the age-0 and age-1 fish in the descriptive and inferential analysis. Note, the age-0 fish have substantially higher values than age-1 fish for velocity and jerk, and lower values for force. Also, recall that age-0 fish sustained visible physical injuries more rarely and had very few severe injuries and deaths. Therefore, when the age-0 and age-1 groups are combined, the age-0 fish essentially add a large number of individuals with high velocity, acceleration, and jerk values to the low injury group. This causes the lower injury levels to have high values of velocity and acceleration when, in fact, the low injury levels have low values for velocity and acceleration within a given age group. These observations imply that the age-1 fish are more prone to visible physical injuries because they sustain higher levels of force as a result of their increased mass. Alternatively, the age-0 fish may be more prone to disorientation because they experience higher levels of inertial stress from acceleration and jerk as a result of their lesser mass. 
Inferential Analysis: Multinomial Response Model
The parameter correlations are shown in Figure 19 for the values computed from the first 0.016 s of the release. Perfectly correlated parameters plot to form a straight line, which indicates that these parameters only differ by a scalar multiplier and, in effect, provide identical information. These correlation plots are equivalent to those computed from 0.024 and 0.10 s data. The plots verify that acceleration correlates directly with impulse and force. Again, acceleration and impulse correlate perfectly because the same average mass was used for all fish, and force and impulse correlate perfectly because dt is a constant 0.004 s (F= I/dt). Therefore, the inferential analysis will consider only velocity, jerk, and force.
The univariate modeling results on each of the three time intervals are summarized in Table 2 . Also shown in Table 2 are the parameter estimates, standard errors, and t-tests of significance on the estimates. At 0.016 s post-release, each of the three dynamic parameters showed statistical significance in predicting the injury response. The univariate modeling results at 0.024 s post-release were very similar to those at 0.016 s. At 0.10 s following release, the signal-to-noise ratio in the data is sufficiently low to show no significant predictive value in any of the three dynamic predictor variables.
Estimates of the coefficients shown in Table 2 are uniformly positive, indicating a positive correlation or larger dynamic parameter values are associated with higher levels of injury. Multivariate model selection results for each of the three time intervals are shown in Table 3 . A separate model was fit for each time interval. The dynamic parameters were added sequentially to a model taking the injury level as the multinomial response variable. This sequential analysis approach controls for co-linearity among the predictors. From Table 3 , force shows the highest predictive power on the level of injury, and adding the other two dynamic parameters of velocity and jerk did not significantly reduce the model deviance. This further demonstrates the high correlation between the three dynamic predictor variables. Box plots are shown in Figure 20 for each of the five dyna mic parameters (a good reference for interpreting box plots is given by Cleveland (1993), pp. 25-27) . The white bar indicates the median, the box indicates the upper and lower quartiles, the brackets indicate a rough 99% confidence interval about the median, and dashes indicate possible outliers or extreme values. The distributions of dynamic parameter values derived from the first 0.016 and 0.024 s of the video records do not appear to be significantly different for any dynamic parameter.
Alternatively, the dynamic parameter values derived from the first 0.1 s of the release are significantly higher than those calculated from the initial 0.016 and 0.024 s of the video records for each of the three parameters, especially for velocity ( Figure 20 ). This is expected as the full path of the fish is captured during the first 0.1 s, including highvelocity tumbling that occurs when the fish is fully entrained into the jet flow. These high, dynamic parameter values seem to confound the statistical results, however, as the videotapes show that the injuries occur during initial contact with the jet, before the fish completely exits the introduction tube. Therefore, conclusions will be drawn from the 0.016 and 0.024 s results. 
Discussion
Looking at the results as a whole, age-0 fish experience higher levels of velocity, acceleration, and jerk; lower levels of force; fewer visible injuries; and greater proportions of disorientation than age-1 fish. These findings suggest that the inertial stresses of higher acceleration and jerk may be the primary cause of the internal injuries and impairments responsible for disorientation in these fish. Alternative ly, the forces applied to exposed organs, which are proportional to the mass of the specimen, are more closely associated with visible injuries such as operculum and gill damage.
When similar sized fish are analyzed, the results suggest that of the dynamic parameters estimated from the bulk motion of the fish (velocity, jerk, and force), force is the most predictive of injury. In this study, however, force is essentially equivalent to acceleration because individual fish masses were not used. This strong relative predictive ability of force (and therefore acceleration) makes sense from a biomechanical perspective. The force on the fish is the product of the acceleration and the mass, and is essentially the "push or pull" that the fish experiences upon contacting the jet. In nearly all cases, the force is primarily exerted on the opercula. An additional parameter that could be even more predictive of operculum or isthmus injuries is the differential acceleration between the opercula and the body of the fish, which could not be measured accurately from the videos because of the mediocre image quality.
The video records of the fish releases in this study were originally intended only to provide a means of observing the releases and possibly making crude estimates of the accelerations involved. Therefore, limited resources were devoted to optimizing the quality of the video data, and the video images obtained were subsequently of mediocre quality. The quality of the images was sufficient for the intended purpose of observation. It was, however, insufficient for sophisticated motion analysis and limited the potential to accurately and precisely track the path of the fish and its constituent parts. In future studies incorporating motion analysis, a more advanced video system should be used. Such a system would incorporate clearer viewing windows, improved background lighting control, a strobe light for illumination, and higher resolution digital cameras.
The parameters in this analysis were computed from the initial 0.016 and 0.024 s of the digitized release data because the visible physical injuries were assumed to have occurred during initial contact based on the video records. This assumption is based on the following reasons: (1) during initial contact, the fish is moving very slowly and thus the velocity differential is greatest, and (2) during initial contact, the smallest contact area exists, with either the eye or the operculum usually making contact first. The maximum accelerations generally occur once the full body of the fish is in the jet flow and the contact area is at a maximum. Using only the first instance of the introduction also provides the added benefit of reducing the error associated with digitizing the path of the eye and not the centroid.
This type of video analysis could be improved in a number of ways to better characterize the injury process and quantify the dynamic parameters involved. Primarily, the motion of the fish should be tracked in sufficient detail to resolve the relative motion of different body parts. In addition, using a balanced orthogonal study design would make the analysis more robust. A balanced orthogonal study design would have equal representation for all factors and factor levels (i.e., equal numbers of age-0 and age-1 fish allocated equally to each nozzle speed). Recording the mass of each individual fish would also improve the predictive power for the dynamic parameters computed using mass (impulse and force) and would allow differentiation between force and acceleration. Using the actual mass of each test fish would also help to blend the distinction between the age-0 and age-1 groups, perhaps making it possible to combine all the fish into a single continuous population. Additionally, these individual masses should be included in the data set as a predictor variable for injury because low-mass fish are less prone to visible injuries and more prone to disorientation. Impulse could probably be dropped from future studies because it will be essentially equivalent to force as long as the time step, generally some multiple of the camera frame rate, is constant.
Additional variables that could be investigated in a more detailed analysis include the radius of curvature, the angular acceleration, and the angular jerk of the fish. The radius of curvature indicates the degree of bending, which may cause bruising along the sides of the fish. Angular acceleration and angular jerk are analogous to linear acceleration and jerk, although they apply to the rotational motion of the fish, which may cause disorientation. In addition, the component vectors ( v , v , a , a ... ) for each parameter x y x y could be included into the analysis in addition to the magnitude, which was analyzed in this study. Including the vector components would reveal the effects of forces in each direction and it would preserve the details of the true path of the fish.
Conclusions
Visible external injuries in fish released into a characterized submerged water jet generally occurred during the initial contact with the jet and not during the tumbling that occurred after the fish fully entered the turbulent flow. The inertial stresses of tumbling (linear and angular acceleration and jerk), however, may cause temporary or even permanent injuries to the vestibular and neurological systems. Such injuries can then result in behavioral impairments, such as disorientation and loss of equilibrium, that are life threatening in the "natural" environment.
Operculum injuries predominated at moderate nozzle speeds (12 and 15 m·s -1 ). At the highest nozzle speed, eye, operculum, isthmus, and gill injuries were equally common, and disorientation was most common. Bruising and descaling were relatively rare, especially for age-0 fish.
Age-0 fish were less susceptible than the larger age-1 fish to all visible injury types, especially at lower nozzle speeds. This is presumably because age-0 fish have less mass and inertia, and therefore sustain smaller forces on exposed organs during acceleration. Alternatively, age-0 fish were substantially more susceptible to life-threatening behavioral impairments such as disorientation. This again may relate to the smaller mass of the age-0 fish. The less massive age-0 fish sustain larger accelerations and jerks, which are probably important sources of the internal injuries to the vestibular and neurological systems that cause disorientation.
The results of this analysis provide evidence to suggest that all the dynamic parameters computed from the bulk motion of the fish (velocit y, jerk, and force) are positively correlated with injury level. Multinomial response model results further suggest that the force parameter is most predictive of injury.
